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Summary 

A  mathematical  analysis  has  "been  carried  out  for  unsteady  state  heat  con¬ 
duction  through  a  simple  two  layer  system  consisting  of  a  thin  layer  of  material 
(cloth)  at  various  distances  from  a  semi-infinite  solid  (skin)  shown  in  fig.  I 
and.  the  temperature  variation.*  with  time  at  various  points  on  the  system  have 
heen  obtained  hy  solving  the  appropriate  heat  flow  equations.  Curves  have  been 
drawn  for  different  spacings  between  the  cloth  and  main  body  and  also  for  dif¬ 
ferent  spacings  between  the  cloth  and  main  body  and  also  for  different  (thermal 
conductivity) (volumetric  heat  capacity)  ratios  (h Cf)cr,^(k ,  where  sub¬ 
scripts  m  and  c  refer  to  main  body  and  cloth  respectively. 

Experiments  were  designed  to  determine  whether  the  model  shown  in  fig.  1 
was  amenabLe  to  the  mathematical  analysis.  The  model  consisted  of  cotton  s&teen 
over  a  polyethylene  block  (main  body)  and  separated  from  it  by  an  air  space  of 
known  thickness.  lenperature  vs.  time  relationships  were  measured  for  the  front 
and  back  cloth  surfaces  and  thepoly ethylene  surface  by  irradiating  the  model  on 
a  solar  furnace. 

the  results  obtained  were  lacking  somewhat  in  their  reproducibility  and  in 
general  the  correlation  between  the  theoretical  and  experimental  curves  wap  not 
very  good.  It  is  strongly  believed  that  the  moisture  of  the  cloth  is  liberated 
in  an  explosive  manner  which  complicates  the  mechanism  of  simple  heat  conduction. 
Various  avenues  exist  for  surmounting  this  difficulty.  Che  method  is  to  enclose 
the  sample  in  a  constant  humidity  container  attached  to  the  solar  furnace  with 
a  shutter  which  opens  simultaneously  with  the  shutter  of  the  furnace.  Another 
method  is  to  study  the  vapor  loss  as  a  function  of  time  from  a  pieco  of  fabric 
originally  conditioned  in  an  atmosphere  of  saturated  water  vapor.  It  would  then 
be  possible  to  know  the  water  content  of  each  fabric  at  the  time  it  is  irradiated 
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if  it  vras  pretreoted  in  e,  saturated  atmosphere.  The  .latter  approach  will  be 
used  first. 

Work  on  the  development  of  a  skin  simulant  with  a  "stretch  factor"  has  been 
completed  and  will  be  reed  in  future  runs.  This  skin  simulant  it  ia  believed^ 
will  be  able  to  simulate  temperatures  of  the  skin  (when  irradiated)  at  various 
"stretched"  depths  equivalent  to  smaller  depths  in  the  skin. 
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Introduction 

The  study  of  damage  suffered  by  human  skin  when  exposed  to  high  intensity 
radiant  heat  fluxes  liberated  by  an  atomic  explosion  is  of  considerable  Impor¬ 
tance.  In  particular,  it  is  very  important  to  be  able  to  evaluate  to  what 
extent  clothing  materials  are  of  practical  utility  in  protecting  skin.  This 
report  discusses  in  detail  l)  the  approach  used  in  studying  this  problem  and 
points  out  the  controlling  variables  which  determine  the  value  of  a  piece  of 
clothing  material  as  a  protective  barrier  against  high  intensity  thermal  radiet- 
tion,  2)  the  techniques  employed  in  studying  this  problem. 

The  problem  of  measuring  the  degree  of  damage  suffered  by  organic  materials 
such  as  human  skin  is  in  itself  complex  and  not  well  understood  at  the  present. 
Accelerated  chemical  decomposition  and  liberation  of  water,  moisture  and  other 
volatile  components  are  known  to  occur  when  the  temperature  of  organic  materials 
is  raised  high  above  normal  temperatures.  A  direct  measure  might  be  a  coaplete 
chemical  analysis  of  the  material  before  and  after  irradiation.  Such  a  proce¬ 
dure  is  unduly  complicated  and  unsuitable  for  the  present  project. 

The  second  approach  is  to  measure  the  temperature  history  of  an  irradiated 
skin.  Evidences  Indicate  that  the  degree  of  damage  of  organic  materials  la  a 
function  of  the  combined  effects  of  the  temperature  level  to  which  the  material 
is  raised  and  the  duration  this  temperature  level  is  maintained  (7). 

Consequently  the  temperature  history  of  the  irradiated  sasple  may  be  used  as 
a  measure  of  the  degree  of  damage  suffered.  Comparison  of  the  temperature  his¬ 
tories  of  bare  skin  with  that  of  skin  protected  by  clothing  will  then  serve  as 
an  indication  of  the  value  of  clothing  as  a  protective  material. 

The  availability  of  live  skin  for  experimentation  purposes  poses  a  problem, 
and  it  is  necessary  to  find  a  skin  simulant  which  when  irradiated  will  behave 
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in  a  manner  which  corresponds  to  human  eicin  in  so  far  as  temperature  rises  are 
concerned.  A  discussion  of  the  theoretical  considerations  is  presented  which 
forms  the  basis  for  the  skin  simulant  recently  developed  on  this  project. 

l'he  simplest  idealization  of  a  system  composed  of  a  human  body  protected 
by  clothing  material  and  which  is  susceptible  to  mathematical  analysis  is  the  two 
layer  system  shown,  in  Fig.  I.  The  cover  represents  the  clothing  material  and  the 
body  is  represented  by  the  main  body.  The  problem  at  hand  is  to  establish  a 
relationship  of  temperature  vs.  time  at  various  positions  of  the  system  when  a 
heat  pulse  (  _ZT<K  @  )  is  impinged  on  the  surface  of  the  cover,  (see  Table  of 
Nomenclature  for  symbols)  and  to  test  these  relationships  experimentally. 


D* 
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Unsteady  State  Heat  Conduction 
System  of  Equations 

The  time  variation  of  the  temperatures  at  various  points  of  the  system  of 
Fig,  I  is  obtained  by  solving  the  appropriate  heat  flow  equations.  In  order  to 
simplify  the  mathematics  the  following  assumptions  will  be  made; 

a)  Heat  flow  only  in  the  -x~  direction  i.e.,  the  y  and  z  directions  are 
infinite  with  uniform  radiation  striking  the  surface  of  the  cover. 

b)  The  cover  may  be  thought  of  as  an  opaque  uniform  solid  with  an  apparent 
thickness  xc,  apparent  specific  heat  Ca,  apparent  density  Pc,  and  absorptivity 
cCv  which  remains  constant  during  irradiation. 

c)  The  same  assumptions  are  made  for  the  main  body  as  for  the  cover,  with 
the  exception  of  thickness  which  is  assumed  to  extend  infinitely  back  in  the  x 
direction  (subscript  a  refers  to  main  body). 

d)  Heat  losses  from  the  front  surface  of  the  cover  by  convection  and  reradia- 
tion  may  be  characterized  by  a  single  heat  transfer  coefficient  (J0  • 

e)  Heat  transfer  from  cover  to  main  body  through  air  gap  may  be  characterized 
by  a  similar  heat  transfer  coefficient  (J[  • 

b)  and  c)  contains  the  assumption  of  absence  of  chemical  reaction  during 
irradiation. 

The  following  equations  can  be  written  with  the  above  mentioned  assumptions 
In  mind: 
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which  are  simply  the  Courier  heat --conduction  aquations  for  the  two  layers. 


The  approximate  boundary  conditions  for  these  equations  are 


!<>cr  ~  Uo  \^XC~0  "  ^SC/Xf, )=  ~~  A 

for  the  front  surface  of  the  cover;  and 
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as  the  relationship  between  the  back  surface  of  the  cover  and  the  front  sur¬ 
face  of  the  main  body.  Equation  (4a)  contains  the  assumption  of  zero  heat 
storage  in  the  air  gap. 

Equations  (la)  and  ( P,el )  form  a  system  of  simultaneous  partial  differen¬ 
tial  equations  with  non-linear  boundary  conditions  (3a)  and  (4a).  An  ex¬ 
pedient  through  laborious  technique  of  solving  these  equations  is  by  the 
Schmidt  method  of  finite  difference  approximations. 

It  is  desirable,  at  this  point,  to  convert  Equations  (la)  to  (4a)  into 
dimensionless  forms,  which  serve  to  generalize  the  numerical  solutions,  She 
conversion  of  the  four  equations  to  dimensionless  form  will  be  carried  out 
for  the  sake  of  clarity  and  at  the  same  time  to  point  out  the  technique  of 
this  conversion.  Multiplying  both  sides  of  Equation  (la)  by  the  factor 
-**■ - ^  //  1 —  X  yields; 
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Insertion  of  all  quantities  under  the  differential  sign  and  observing  the 
rules  of  partial  differentiation  gives  as  a  final  .result: 
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Similarly,  Equation  {?, a)  is  converted  to 


It  Is  advisable  to  express  (2b)  in  a  slightly  different  form  by  multiplying  both 


The  reason  for  this  alteration  will  become  clear  later. 

The  dimensionless  forms  of  (3a)  and  (la)  are  obtained  in  identical  manner 
and  the  final  results  are? 


Throughout  these  equations  the  temperature  is  measured  'by  the  quantity 

()Q!3^^’on  ^y  (z~)  an^  ^  ^~TZ  '  ~T^~  )  cover  an<;|  n 


in  the  cover  and  main 


body  respectively,  for  the  sake  of  brevity,  these  dimensionless  variables  will 


be  replaced  by  the  symbols  as  defined  in  Table  I. 


Table  I 


Dimensionless  Quantity 

t  kc 
T  &(y  L(_ 

%e. 

Lc 

y~fr\  .  he. 

L  c  forn 

o(  c  Q 


Symbol 

T 

X, 


L? 


ofr* 

L 


■f- ■  m 


Q. 

Qi 


The  advantage  of  using  the  dimensionless  parameters 


y-rn  ,  k_ 

U  Ll  ~k 


y< 


and 


as 


a  measure  of  distance  is  indicated  by  Equation  (4).  This  states  that  the  dimen¬ 
sionless  tenperature  gradient  at  ■=.  and  ’'/'An  m'^5  are  JM*ne^ioally 

equal.  Furthermore,  this  gradient  is  numerically  equal  to  the  slope  of  a  line  of 


height 


Mf.\  _  LtJ±.  \ 


and  distance  of 


Kc. 


U  c  t-i 
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Method  o f  Fi nite  Difference  Approximations 


a)  General  Equations: 

Equations  (l)  to  (4)  can  be  written  in  the  finite  difference  form  by  trans¬ 
forming  the  differentials  to  finite  increments.  For  example,  differential  dimen¬ 
sionless  temperature  gradient  is  written  as: 


l  T 
9XC 


A  (X) 


b  T 

Z-Xrr, 


A»T 


the  second,  partial  derivative!  with  respect  to  x  may  be  written  as: 


£[T] 

W 


A<  [a»(T)1 


£[T] 


a[xm]1 


The  time  derivatiVff  are  similarly  written  as: 
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Throughout  these  equations,  A  x  refers  to  partial  differentiations  with  respect 
to  x  and  Aq  refers  to  partial  differentiation  with  respect  to  fi  . 

In  finite  difference  form,  Equations  (l)  to  (4)  will  appear  as: 

*,MT)]  _  A.  [T]  (scC) 

A  CKcJ  x  "  A  £00 


b)  Schmidt  Technique 

As  an  illustration  of  finite  difference  approximations  to  the  solutions  of 
partial  differential  Equations  (l)  to  (4),  consider  Fig.  2.  The  cover  is  divided 
by  an  integral  number  (n)  of  construction  lines  (shown  dotted)  equally  spaced  from 
each  other.  In  Pig.  ?,,  n  =  4  is  used  making 

4  =(tt)~-i  j  A(y£) 


The  construction  lines  are  placed  such  that  half  of  a  construction  slab  ex¬ 
tends  beyond  the  surfaces. 

The  main  body  construction  lines  are  separated  a  distance  '-^^apart. 

This  separation  depends  on  /\  aB  explained  later;  but  for  the 
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moment  assume  that  the  main  body  has  been  correctly  divided.  At  any  time 
after  irradiation,  the  temperature  profile  in  the  two  layers  may  be  approximated 
by  the  solid  line  as  shown.  The  degree  of  approximation  depends  on  the  fineness 
in  which  the  layers  are  divided  by  the  construction  lines. 

In  terms  of  Fig.  2  then,  Equation  (5a)  may  be  written  as: 


/X«.,  -  Tu •  A.  (*.$-  (sij 

Both  the  dimensionless  distance  and  time  are  independent  variables,  and  their 
choice  is  arbitrary  for  any  particular  series  of  calculations.  The  Schmidt  method 
uses  a  value  of: 


A  60  3 

*(&)  ' 


b) 


which  introduces  some  simplifications  in  the  numerical  work.  Combining  (5b)  and 
(9)  gives: 


Tn 


t 


ATrrt4it-l 


+  A 
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hA6 


Equation  (5)  provides  a  rule  for  the  numerical  calculations.  It  enables  the  cal¬ 
culation  of  the  temperature  at  time  Yl  /  ,  from  a  knowledge  of  the  tempera¬ 

ture  distribution  at  time  n  A  6  . 

Similarly,  the  corresponding  equation  for  the  main  body  temperatures  is: 


The  boundary  condition  (8)  simply  says  that  the  dimensionless  temperatures  at 

planes  (e)  and  (f)  are  determined  by  a  straight  line  connecting  the  temperatures 

at  plane  (d)  and  (g),  provided  planes  x  =  L  and  X  =  0  are  separated  by  the 

c  c  m 

distance  k^/UC  Lc  . 
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Boundary  condition  (7)  is  satisfied  "by  placing  a  construction  point  0  at  a 
distance  kc.  j Uo  Lc  to  the  left  of  plane  xc  =  0  and  kc  /(Jt  Lc  above  the 

initial  temperature  T0.  It  is  clear  from  Fig.2A  that  a  straight  line  drawn  from 
point  0  to  the  instantaneous  temperature  value  of  plane  (h)  will  satisfy  Equation 
(7).  This  determines  the  value  of  the  temperature  at  plane  (a). 

The  purpose  of  extending  the  construction  lines  to  a  half  slab  thickness  is 
to  obtain  a  better  approximation  to  the  actual  situation.  Notice  that  the  surface 
temperature  gradient,  in  this  manner,  only  extends  a  half  slab  thick  into  the  layers; 
while  dividing  the  layer  with  the  construction  lines  coincident  with  the  surfaces 
result  in  extending  this  gradient  one  whole  slab  division  into  the  layers. 

Equation  (7)  provides  the  information  that  the  mapping  of  the  construction 
lines  must  be  different  for  the  two  layers.  However,  an  additional  relationship  is 
required  to  fix  the  ratio  as  an  arbitrary  choice  of  ^Xc  still 

leaves  undetermined.  Such  a  constraint  is  provided  by  Equations  (9) 


and  (10). 

To  insure  the  condition  that  a  unit  change  of  a6>„  and  a  a,  will  give 
exactly  the  same  change  of  ©■  in  terms  of  seconds,  then  combining  (9)  and 
(10)  results  in; 

a  OO1  =  a(xS 

■A  <3>c  -d  @ 

or  _ 

,  A  X.  m  I /  ./  ^  _//  Aw  fir,  km 

AX,  F  x,  l  7  <=c.fc  Xc 

Equation  (11)  provides  the  scaling  factor  for  A  X-  in  terms  of  A  X  ,  when  the 

lu  C 

thermal  properties  of  the  two  materials  are  known.  It  is  the  result  of  the  com¬ 


bined  effects  due  to  differences  in  thermal  properties  and  the  necessity  of  equali¬ 
zing  the  time  in  the  two  layers.  Notice  that  if  the  thermal  properties  are  identical 
in  the  two  layers,  the  construction  lines  are  equally  spaced  in  the  two  solids. 
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Theory  of  Skin  Simulant 


One  of  the  difficulties  involved  in  obtaining  a  system  for  skin  simulant  is 
finding  a  material  which  possesses  the  same  conductivity,  heat  capacity  and  den¬ 
sity  as  skin.  A  second  difficulty  arises  when  one  attempts  to  measure  temperatures 
at  specific  depths  below  the  skin  surface.  The  theoretical  discussion  which  ensues 
describes  a  skin  simulant  which  it  is  believed  will  satisfactorily  embody  the  above 
requirements. 

In  a  semi-infinite  solid,  heat  transmission  is  determined  by  the  unique  groups 
AT  fkcT/ 1  *  t  and  kt/cf  X  x  where  A  T  represents  temperature 
rise,  k  the  thermal  conductivity,  t  the  time,  and  c  f  the  volumetric  heat  capacity, 
x  the  depth,  and, I  o<  the  ahs orbed-radiation  intensity.  Since  I f  uid  A-  T  are 
variables,  the  groups  kc  ^  and  A/cfK*-  should  be  the  same  in  skin  and  sim¬ 
ulant  for  proper  modelling.  With  subscript  s  referring  to  simulant  and  sk  for 
skin,  it  follows  that  ■=  &C  f* )  and 

(k/cP^)s  .  Furthermore: 


■$7-  =  4-  -  ]/-£*-  .  =  1/A_ .  A-  - 

and  the  depth  x,  of  a  point  in  the  simulant  corresponding  to  one  in  the  skin  will 
be  much  greater  if  kfl  is  much  larger  and  C  much  smaller  than  and  d  , 

respectively.  Since  such  a  material  does  not  exist,  a  copper  fin  device  has  been 
adopted,  consisting  of  0.005”  copper  fins  attached  to  a  0.002”  copper  sheet  with 
0.125”  air  spaces  between  the  fins.  The  fins  provide  high  conductivity  and  the 
l/8"  air  spaces  between  them  the  low  volumetric  heat  capacity.  Thus  if  the  total 
heat  flow  cross  section  of  the  fins  is  the  fraction  &  times  the  area  of  the  sur¬ 
face  to  which  they  are  attached,  then  the  effective  bulk  condictivity  of  the  fin 
system  is  akcu  and  the  effective  bulk  volume  heat  capacity  is  a (cP  )  . 

”  V  cu, 


14. 


3for  the  copper  fins  selected  the  ratio  x  /x^  is  30/ 1  so  that  a  system  of 
fins  60  rac  deep  would  correspond  to  3 ram  of  flesh  and  thermoc ouplea  spaced  at 
6  to  10  mm  intervals  can  readily  be  placed  in  the  simulant. 

Design  and  construction  of  the  copper— fin  skin  simulant  has  taken  place 
since  the  experiments  reported  here  and  no  radiation  tests  with  It  have  yet 
been  made.  The  polyethylene  simulant  used  in  this  work  has  thermal  properties 
in  the  some  order  of  magnitude  as  those  of  skin,  as  shown  in  the  follo\*ing  tabu¬ 
lation  (8) ; 


k 

c 

P 

Material 

cal 

cal 

gm 

cP 

ke^5 

k/cf 

(cm)(8ee)(M0) 

gm^C 

CC 

Polyethylene 

8.0  x  10"4 

0,55 

0.93 

0.506 

4.05  x  10”4 

15.8  x 

-4 

10 

Skin 

10.6  x  10~4 

0.8 

8.5  x  Hf4 

13.3  x 

10"4 

Equipment 


The  experimental  investigations  were  carried  out  by  the  utilization  of  a 
solar  furnace  ( Z  )  as  the  source  of  high  intensity  thermal  radiation.  Intensities 

O 

ranging  up  to  6.89  cal/cnT  sec.  were  obtained  during  the  summer  months.  The 
mirrors  and  some  of  the  auxiliary  equipment  are  housed  in  a  steel- reinforced 
wooden  structure  and  this  structure  is  fixed  on  an  altazimuth  mount.  The  pri¬ 
mary  mirrors  (3W  x  3"),  four  hundred  in  allj which  receive  the  direct  radiation 
from  the  sun  are  located  at  the  rear  of  the  housing  and  they  in  turn  reflect  the 
sun's  rays  on  a  secondary  mirror,  which  is  trapezoidal  in  shape.  The  secondary 
mirror  reflects  the  radiation  to  the  target  area  where  the  sample  to  "be  radiated 
is  placed. 

The  secondary  mirror  1b  located  on  a  rotatable  axis  thus  obviating  the  neces¬ 
sity  of  having  the  target  area  exposed  to  the  radiation  during  the  period  before 
and  after  a  run. 

The  shutter  mechanism  in  the  target  area  is  operated  by  an  automatic  timer 
using  solenoids  as  the  initiating  adjuncts.  Two  shutters  are  used  during  the 
operation,  one  exposing  the  sample  to  radiation,  the  second  occluding  radiation 
at  the  end  of  the  desired  pulse. 

The  total  radiation  is  measured  by  an  Eppley  Pyrheliometer  and  continuously 
recorded  by  a  Leeds  and  Northrup  strip  chart  potentiometer.  Blocking  off  the  di¬ 
rect  rays  of  the  sun  provides  a  measure  of  the  diffuse  radiation,  and  the  dif¬ 
ference  between  the  total  and  the  surrounding  radiation  is  the  focussable  inten¬ 
sity  on  the  primary  mirrors  of  the  furnace. 

The  sample  models  are  composed  basically  of  cotton  sateen  stretched 

over  a  circular  polyethylene  block.  The  cloth  contains  two  silver- const ant an 
thermocouples,  one  on  each  surface;  a  third  thermocouple  is  located  on  the  surface 
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of  the  polyethylene  clock.  Other  appurtenances  to  the  models  merely  serve  to  held 
the  cloth  and.  polyethylene  in  place  and  to  provide  electrical  connection  between 
the  thermocouples  and  the  temperature  recording  instruments.  In  the  cases  where 
studies  were  made  with  spacing  between  cloth  and  skin  simulant,  a  metal  ring  of 
known  thickness  was  inserted  between  the  two. 

Temperature  readings  of  the  thermocouples  we re  recorded  by  a  Heil&nd  type 
photographic  galvanometer. 

The  thermocouples  were  made  from  0.001  inch  constantan  wire  half  of  which  was 
plated  with  silver  from  a  A  CH  bath.  Close  contact  between  the  thermocouple  arid. 

o 

the  cloth  was  achieved  by  weaving  the  couples  into  the  cloth  surface.  Contact 
between  the  polyethylene  block  and  its  thermocouple  and  the  covering  when  no 
spacing  was  used  was  accomplished  hy  machining  a  slight  convex  curvature  in  the 
surface  of  the  polyethylene. 


Procedure 
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Prior  to  the  experimental  runs,  the  samples  were  assembled,  after  which  the 
resistances  of  the  thermocouples  were  determined.  It  was  necessary  to  determine 
the  resistances  of  the  couples  and  also  the  connecting  lines  since  the  recording 
galvanometer  which  was  employed  is  a  current-measuring  instrument.  The  assembled 
sample  was  then  placed  in  the  sample  holder  at  the  target  area  and  the  thermo¬ 
couple  leads  connected,  after  which  the  furnace  was  aligned  to  the  sun  end  the 
secondary  mirror  rotated  to  direct  the  radiation  to  the  sample.  At  this  point 
the  Eeiland  apparatus  was  set  in  motion.  The  shutter  release  also  put  the  timer 
in  simultaneous  operation.  At  the  end  of  a  preset  time  the  other  shutter  closed 
off  the  radiation  automatically. 

In  order  to  get  the  total  radiation,  it  is  necessary  to  determine  the  furnace 
multiplier  by  means  of  a  silver  disc  calorimeter.  The  calculation  of  this  mul¬ 
tiplier  is  included  in  the  appe,  lix. 
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Results 


The  results  obtained  from  the  irradiated  samples  are  presented  in 
figures  3-18  showing  the  temperatuxe-time  histories  of  the  three  surfaces 
mentioned.  The  temperature  and  time  scales  are  given  In  dimensionless 
groups  in  Jigs.  3-10  and  in  Figs.  11-18  the  temperature  and  time  scales  are 
in  terms  of  degrees  centigrade  and  seconds  respectively.  For  the  purpose 
of  observing  the  effects  of  spacing  the  plots  have  been  made  (Figs.  3-10) 
for  the  same  color  fabric.  Theoretical  temperature-time  histories  are  shown 
in  Figs.  19-36,  in  the  Appendix. 

It  should  be  mentioned  that  the  transmissivity  of  the  fabrics  varies  for 
each  color;  the  light  colors  have  the  largest  values,  while  for  black  it  1b 
practically  zero.  These  values  together  with  the  absorptivity  constants 
were  obtained  from  the  University  of  Rochester  (3).  A  brief  glance  at 
Table  3  shows  that  temperature  rise  due  to  direct  transmission  of  heat 
through  the  cloths  can  constitute  a  large  percent  of  the  total  temperature 
rise  for  surfaces  covered  with  these  cloths. 


Discussion  of  Results 


A  comparison  of  the  predicted  curves  and  the  experimental  curves  reveals 
much  discrepancy  for  the  cloth  top  and  under  surface  (Fig.  3.^1  However,  the 
correlation  "between  the  theoretical  and  experimental  curves  for  the  polyethy¬ 
lene  surface  is  fairly  good. 

The  slopes  of  the  experimental  curves  for  the  top  surfaces  are  much  lower 
than  the  predicted  slopes  with  the  exception  of  the  white  fabric  which  was  the 
only  sample  which  fits  the  theoretical  slope.  The  value  of  the  absorptivity 
used  for  white  cloth  was  0.093;  a  value  of  0.12  would  give  a  correlation  more 
consistent  with  the  other  samples,  as  shown  by  Figure  3A. 

It  was  suspected  that  perhaps  a  difference  between  the  spectra  of  the  sun 
and  the  carbon  arc  source  could  cause  different  absorptivity  values,  since  the 
latter  source  was  employed  in  determining  absorptivity  values,  but  a  comparison 
of  these  two  spectra  showed  no  important  differences. 

The  smaller  slopes  of  the  cloth  top  surface  appear  to  be  the  result  of 
a  heat  absorption  by  the  inherent  moisture  content  of  the  fabric.  This  mois¬ 
ture  would  tend  to  increase  the  conductivity  of  the  air  gap  between  the  cloth 
and  polyethylene  surface  than  would  be  expected  (Fig.  3). 

The  curves  whose  coordinates  are  in  terms  of  degrees  and  seconds  show  the 
effect  of  color  on  the  temperature  rise.  The  darker  shades  with  higher  absorp¬ 
tivity  give  a  steeper  and  higher  temperature  rise,  than  the  light  shades 
(Figs.  11-18). 

It  is  interesting  to  note  that  although  the  theory  predicted  a  very  small 
difference  in  the  slopes  and  temperature  rise  for  the  polyethylene  surface 
temperatures  for  0.33  and  0.51  cm  opacings,  in  the  actual  results  the  difference 
was  greater  than  expected.  The  mechanism  whereby  this  difference  cams  about 


is,  in  the  absence  of  some  means  of  direct  observation^ largely  a  matter  of 
conjecture.  It  can  be  seen  that  the  temperature  rise  for  the  cloth  back 
surface  is  instantaneous  vihile  for  plain  heat  conduction  there  is  quite  a 
lag.  This  deviation  suggests  that  heat  transfer  to  the  bade  surface  is  also 
by  means  of  conduction  and  by  other  means^  probably  steam  and/or  direct  radia¬ 
tion.  However  no  correction  was  made  for  this  in  the  theory. 

From  the  foregoing;  discussion  it  is  apparent  that  the  moisture  associated 
with  the  cloth  is  a  variable  hitherto  unaccounted  for,  and  apart  from  complicat¬ 
ing  the  mechanism  of  heat  transfer,  has  also  prevented  reproducibility  of  re¬ 
sults  because  the  moisture  content  of  the  fabric  at  any  moment  depends  on  the 
humidity  of  the  ambient  air.  Preliminary  studies  have  been  carried  out  on 
the  rate  of  moisture  loss  from  pieces  of  the  fabric  which  were  immersed  in  an 
atmosphere  saturated  with  water  vapor.  The  results  show  that  it  requires 
approximately  10  minutes  in  quiescent  air  for  the  cloth  to  be  reduced  to  l/e 
of  its  original  water  content.  This  information  will  be  useful  in  future  work 
in  knowing  the  water  content  of  the  cloth  samples  irradiated. 


Conclusions 

The  simple  treatment  of  heat  conduction  through  a  two  layer  system  is 
inadequate  tc  describe  the  heat  transfer  process  through  the  model  described* 
This  process  is  apparently  complicated  by  the  presence  of  moisture  in  the 
cloth  layer.  However,  the  results  do  indicate  that  the  lighter-shade  fab¬ 
rics  give  better  protection  from  radiation  damage  than  dark  ones  do,  over 
the  first  two  seconds  after  exposure. 


Future  Work  and  Recommendations 


For  future  work  it  is  recommended  that: 

1.  The  cloth  samples  he  pretreated  in  a  saturated  atmosphere  of  water  vapor 
before  irradiation.  Application  of  the  rate  of  loss  of  water  vapor  in  air 
should  indicate  the  amount  present  at  the  time  of  irradiation,  provided  that 
the  cloth  is  properly  protected  from  air  currents. 

3.  The  surface  ol  the  skin  simulant  developed  will  he  blackened  with  a  nen- 
lustrous  thin  coating  and  the  simulant's  performance  will  be  compared  with 
semi-infinite  solid  theory  and  with  data  obtained  by  other  investigations. 

3.  The  Bkin  simulant  with  cloth  coverings  will  then  be  irradiated. 

4.  If  reproducibility  is  still  unobtainable  due  to  inability  to  know  the 
cloth  moisture  with  sufficient  accuracy,  then  it  is  suggested  that  a  constant 
humidity  device  be  developed  which  is  attachable  to  the  furnace  with  a 
shutter  mechanism  of  the  furnace. 


APPENDIX 


Nomenclature 


c  ~ 

I  “ 

k  ■ 

L  = 
t  - 
A  t  » 

I  = 

U  a 


Heat  capacity 


gm°C 

Intensity  of  Baaiation 


cal 

cvP  -  sec 


Conductivity  -2SL - - 

cm  sec  °C 

Thickness  of  cloth,  cm 

Temperature  °C. 

Temperature  rise  (°C) 

Dimensionless  temperature  rise  ( 


Heat  Transfer  coefficient 


cal _ 

cm^  sec  °C 


Greek 


o(  ~ 

p  - 

e  - 

r  = 


k 

Density  jSS* 

cm" 


Dimensionless  time 
Transmissivity 


o<  Q 

TT 


Subscript 


c  refers  to  cloth 
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absorptivity) 


m  refers  to  polyethylene 
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E.M.F.direct  =  (I.M.F.total  "  indirect  =  <°-as7  "  °-X05)4 

=  3.01  mv 

g 

Sensitivity  of  pyr heliometer  =  2.45  mv/cal/min  cm 

Time  =  D.S.T.  -  1:00  +  (Gorr.  for  eq.  of  time  +  corr.  for  longitude) 
(11:43  -  1:00)  +  0.19  =  11.02 

From  plot  of  Cos  Q  vs  Time:  Cos  Q  =  0.860  (corres.  to  11:02  A.M, ) 

I  (radiant  intensity)  =  x  =  6.89  cal/ cm**  sec. 

2.45  X  0.  8b 

where  furnace  const  =  289. 


Temperature-Time  Calculations 

Galvanometer  Deflections 

Sensitivity  of  Galvanometer 

Thermocouple  +  Line  resistances 

E.M.F.  =  -1 -  x  47.6 

12.25 


T  cm 

12.25  cm/m.a. 
47.6  ohms 
3.72  T 


Substitution  of  values  of  T  at  corresponding  times  X  gives  the 
temperature- time  history. 


Furnace  Multiplier  by  Means  of  Silver  Disc  Calorimeter 
Observed  Rate  of  Temperature  Rise  =  39.6°  C/sec. 


Cooling  Correction 
Corrected  Rate  of  Temp.  Rise 
Calorimeter  Constant 


=  2.8°  C/sec. 

=  42.4°  C/sec. 

=  0.151  cal/°0  cm2 

=  42.5  x  0,151  cal/cm2  sec. 
=  6.40  cal/cm  sec. 


Radiant  Intensity  at  Target 


Furnace  Multiplier  cont1! 
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Solar  Intensity 

i.H.J.  =  ff-H-I-totai  -  E-“-f'-lnairoot)  =  <0-™  - 

=  2.72  mv. 

Sensitivity  of  Pyrheliometer  =  2,45  rav/cal  cm^  min. 

Solar  Time  =  D.S.T.  -  1;0Q  +  (corr.  for  eq.  of  time  and  longitude) 

=  2:15  -  1:00  +  0.19.4  =  1:34 

Cos  4)  =  0.86  (corres.  to  1:34) 

l  =  — — 2a2Sl .  =  1.29  cal/min  cm8 

8.45  x  0.86 

Multiplier  =  .§-t40  x  ,60  =  ?3Q 

1.29 

Several  runs  yielded  an  average  multiplier  of  289. 

Temperature  Rise  due  to  Transmittance 

Equation  for  temperature  rise  on  the  surface  of  a  semi-infinite  solid 
when  Irradiated  is  given  by: 

AT  y  tecp~  =  2_  (ref.  1,  pll,  eq.  1.10) 

I  T  VT  7 T 


Polyethylene  Properties 


Yfcc  f>  = 

|f  16. 8  x  1Q~4 

*  3.99  x  10"3 

t 

0.238  sec. 

(time  interval) 

Cloth  Properties 

Transmissivi ty 

(  T) 

White 

0.1610 

D.  Grey  -  0.00 

L.  Gray  - 

0.0611 

Black  -  0.00 

M.  Gray 

0,  010 

AT  =  =  38*3  <lT>  V"T  (°0) 


For  results  ace  Table  III. 
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i 

I 
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TABLE  II 


Theoretical  Temperature  Rise  of  Polyethylene  Surface 


Due  to  Cloth  Ccmduction 


0.1 


Time  Intervale  Cloth  Color  and  Radiation  Intensity: 

cal/ (sec)(cm)^ 


Sec. 

Dimensionless 

OfcQ 

White 

Light  G-rav 

Medium  Gray 

V* 

c 

1=5.74 

1=6.65 

1=5.74 

Spacing  =  0 

cm 

o 

0 

0 

0 

0 

0.238 

o  './•••j.r 

0 

0 

0 

0,476 

0. U624 

0 

0 

0 

0.714 

0.0936 

0.78 

3.89 

5.98 

0.952 

0.1248 

1.16 

5.83 

8.97 

1.190 

0.1560 

1.94 

9.73 

15.0 

Spacing  =  0. 

33  cm 

0 

0 

0 

0 

0 

0.238 

0.0312 

0 

0 

0 

0.476 

0.0624 

0 

0 

0 

0.714 

0.0936 

0 

0 

0 

0.952 

0.1248 

0 

0 

0 

1.190 

0.1560 

0.03 

0.09 

0.14 

Spacing  =  0. 

51  cm 

0 

0 

0 

0 

0 

0.238 

0.0312 

0 

0 

0 

0.476 

0.0634 

0 

0 

0 

0.714 

0.0936 

0 

0 

0 

0.952 

0.1248 

0 

0 

0 

1.190 

0.1560 

0.01 

0.06 

0.09 

Ratio  of  convection  (to  surroundings)  to  conduction  rate  (into  sample) 


TABLE  III 

Theoretical  Temperature  Else  of  Polyethylene  Surface 
Due  to  Transmittance  through  Cloth  (°C) 

Cloth  Color,  Radiation  Intensity,  I,  and  Transmittance,T 


Time  (secs) 

White 

Lieht  Gray 

Medium  Grey 

I  -  5.74 

I  «  6.68 

I  =  5.74 

T=  0.161 

T"  0.061 

7"=  0.010 

0.338 

12.8 

5.64 

.806 

0.476 

18.1 

7.98 

1.14 

0.714 

22.4 

9.87 

1.42 

0.952 

25.6 

13.4 

1.62 

1.190 

28.6 

15.0 

1.81 

50 
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Theoretical  Temperature  Rise  of  Polyethylene  Surface 
Due  to  Transmittance  and  Conduction  (°C) 

Time  Intervals  Cloth  Color  and  Radiation  Intensity 


cal/  (sec)  (cm)'* 


Sec 

Dimensionless 

White 

Light  Cray  Medium  Cray 

Ii 

c 

1-5.74 

1=6.65 

1=5.74 

Spacing  - 

0  cm 

0 

0 

0 

0 

0 

0.338 

0.0312 

12.8 

5.64 

0.81 

0.476 

0.0624 

18.1 

7.98 

1.14 

0.714 

0.0936 

33.18 

13.76 

7.40 

0.952 

0.12/48 

26.76 

23.12 

10.59 

1.190 

0.1560 

30.55 

30.61 

16.90 

Spacing  = 

0,32  cm 

0 

0 

0 

0 

0 

0.238 

0.0312 

12.8 

5.64 

0.806 

0.476 

0.0624 

18.1 

7.98 

1.14 

0.714 

0.0936 

22.4 

9.87 

1.42 

0.952 

0.1248 

25.6 

13.4 

1.62 

1.190 

0.1560 

28.62 

15.09 

1.95 

Spacing  = 

0.51  cm 

0 

0 

0 

0 

0 

0.238 

0.0312 

12.8 

5.64 

0.806 

0.476 

0.0624 

18.1 

7.98 

1.14 

0.714 

0.0936 

22,4 

9.87 

1.42 

0.952 

0.1248 

25.6 

13.4 

1.62 

1.190 

0.1560 

23.61 

15,06 

1.90 
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FIG,  13  COLOR  COMPARISON 
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FIG. 18  COLOR  COMPARISON 


to 


o 


Q> 

u 

a 


CM«-» 


it 

CD 


<U 

E 

(- 


OJ 

d 


in 

v> 

ju 

c 

o 

(0 

e 

at 


E 


a 


d 


s 

S 


FIG  20  TEMPERATURE  -  TIME  RELATIONS  OF  TWO -LAYER  SYSTEM 
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FIG.  24  TEMPERATURE  -  TIM  E  RELATIONS  OF  TWO  -  LAYER  SYSTEM 
FOR  U0LC.  =  0.20 


FIG  25  TEMPERATURE -TIME  RELATIONS  OF  TWO-LAYER  SYSTEM 
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